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Abstract

An optical coherence tomography (OCT) system of sub-10-lm resolution, with its broadband source generated

through nonlinear optics processes of a femtosecond Ti:sapphire laser in a single-mode fiber, was built for biological

tissue scanning. With 400 mW power coupled into the fiber, a spectral full-width-at-half-maximum (FWHM) of 46 nm,

centered at 840 nm, could be obtained. The available power for sample illumination could be as high as 100 mW. This

condition was used to achieve the OCT depth resolution of 8.6 lm in tissues. The OCT system was used for scanning a

human gingival mucosa sample. Cavity structures were observed that were quite consistent with the results of histo-

logical examination.

� 2002 Published by Elsevier Science B.V.
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1. Introduction

Optical coherence tomography (OCT) and op-

tical Doppler tomography (ODT) have been
widely studied for high-resolution subsurface tis-

sue scanning [1–5]. They were developed for di-

agnosing various tissue abnormalities either on

skin or inside-organ through endoscopes. OCT or

ODT uses the technique of low-coherence inter-

ferometry. Typically, Michelson interferometers
are built for implementing OCT scanning. Because

of the longitudinal resolution in OCT scanning,

which is equal to the full-width-at-half-maximum

(FWHM) of interference fringe envelope, is in-

versely proportional to the light source band-

width, pursuing means for generating stable

broadband light source, either coherent or
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incoherent, is crucially important for OCT devel-

opment. In the past, most OCT systems utilized

super-luminescence light-emitting diodes as sour-

ces. Such a light source, either centered at 850 or

1300 nm, typically has a spectral width about 30

nm and pig-tailed output power less than 1 mW.
This spectral width could lead to only around 15

or 35 lm in depth resolution in tissues. Besides,

the low available power resulted in relatively low

sensitivity. The combination of two super-lumi-

nescence diodes of different center wavelengths

was also used for broadening the effective spectral

width and hence higher resolution [3]. Recently,

based on a broadband semiconductor source
(model BBS1310EB1P of AFC, Hull, Quebec,

Canada) of 1310 nm in center wavelength, 80 nm

in spectral width, and several mW in power, a

depth resolution around 14 lm has been reported

[6]. However, this company has terminated the

delivery of the aforementioned broadband source.

Portable semiconductor broadband sources with

even larger spectral widths and higher output
powers deserve further developments. On the

other hand, with ultrashort Ti:sapphire laser pul-

ses (around 5 fsec), the corresponding 350 nm

spectral width resulted in a depth resolution as

small as 1.2 lm [7]. Also, high laser output power

can always provide sensitivity higher than 100 dB.

A broadband solid-state laser source has been

used for spectral OCT, i.e., for monitoring the
different response of human tissues to different

wavelengths [8]. Although a 5 fsec Ti:sapphire

laser can be built with efforts, such a system re-

quires skillful attention and is not suitable for

people not specially trained. To achieve deeper

penetration, a mode-locked Cr:forsterite laser with

center wavelength at 1280 nm, was used to achieve

6 lm longitudinal resolution in tissues [9]. In this
work, the 50-nm spectral width from the laser was

broadened to around 150 nm after pulse propa-

gation in a dispersion-shifted fiber. The spectral

broadening was attributed to self-phase modula-

tion, which interplayed with normal group-veloc-

ity dispersion to achieve a broad and Gaussian-

like spectral distribution. With anomalous

group-velocity dispersion, spectral broadening due
to self-phase modulation can be compensated by

the dispersion effect.

In this paper, we report the use of spectral

broadening of femtosecond Ti:sapphire laser,

based on nonlinear optics in a single-mode fiber,

which is a Kerr medium [10], for broadband

source of an OCT system. Widely observed non-

linear effects in the normal group-velocity disper-
sion range of a single-mode fiber include self-phase

modulation, Raman scattering, Brillouin scatter-

ing, and four-wave mixing. With the Kerr effect in

fiber, the refractive index increases linearly with

optical intensity such that nonlinear phase modu-

lation or chirp is generated for the pulsed signal.

Through this self-phase modulation process, the

spectrum of a short pulse is broadened. Besides
self-phase modulation, stimulated Raman scatter-

ing and four-wave mixing in fiber can broaden the

spectrum. Particularly, stimulated Raman scatter-

ing typically results in red shift of signal spectrum

and leads to spectral asymmetry [11]. Recently, by

tapering fiber [12] or using a micro-structured fiber

[13], extremely broadband generation with output

wavelength ranging from visible to near infrared
has been reported. Based on the 100 fsec Ti:sap-

phire laser, our experiments have demonstrated

more than five times spectral width increase

through the nonlinear optics effects in an optical

fiber. As Ti:sapphire lasers of pulse widths ranging

from 10 to 100 fsec (bandwidths of 50–100 nm)

become popular, the proposed approach can be

applied for generating even broader bandwidths
and should be quite useful for many laboratories.

We used the built OCT system for scanning a

human gingival mucosa sample. This sample was

identified to have cancerous cells with histology.

Cavity-structure abnormalities were observed in

OCT scan results. Normal gingival mucosa is

composed of epithelium with keratinization and

underlying connective tissue. In case of malignant
transformation, the epithelial cells became cancer

cells and invaded into the connective tissue. Can-

cer cells formed nests, which were scattered in the

connective tissue. Compared the histological pic-

ture with the OCT image, cancer nests correspond

to the cavity structures of the OCT image.

In Section 2 of this paper, experimental proce-

dures and spectral broadening results are de-
scribed. The OCT scan results are presented in

Section 3. Conclusions are drawn in Section 4.
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2. Experimental procedures

As shown in Fig. 1, about 100 fsec pulses from a

mode-locked Ti:sapphire laser, pumped with the

second-harmonics of a diode-pumped Nd:YVO4

laser, were end-coupled into a single-mode fiber

(3M, FS-SN-4224) with mode field (cladding) di-

ameter of 5.18 (125) lm of about 5 m in length. We

used such a single-mode fiber (the second-order

mode cutoff at 757 nm) to avoid multi-mode

propagation. With multi-mode propagation, the

nonlinear effects will be reduced and the output

spectral width will be decreased. An isolator was
used for the Ti:sapphire laser output beam before

coupling into the optical fiber to avoid reflection

back to the laser cavity. The pulsed signal from the

fiber output end was directed to a free-space OCT

system. Fig. 2 shows the input (dotted curve) and

output spectra of the fiber with the input power at

300 mW (dashed curve) and 600 mW (solid curve)

when the center wavelength was 828 nm. The
spectrum was asymmetrically broadened. The

asymmetric output spectra may result from several

possible mechanisms, including asymmetric input

pulses, significant stimulated Raman scattering,

and four-wave mixing. Because the center wave-

length has been red-shifted from 828 nm to around

840 nm, it is supposed that stimulated Raman

scattering plays an important role here. In the
output spectrum with input power higher than 450

mW, a side-bump feature was observed on the

short-wavelength side. The side-bump effectively

increases the spectral width and may reduce the

width of interference fringe envelope at the ex-

pense of side-lobe generation. If the side-lobe ef-

fects can be removed with a certain image retrieval

algorithm, the OCT resolution can be improved.

Fig. 3 shows the dependence of output spectral
width on input power with the 5-m fiber. In this

figure, the circular symbols describe the FWHM

spectral width versus input power. From Fig. 3,

one can see the saturation trend of bandwidth in-

crease in increasing input power. About 54 nm

FWHM was obtained when the input power

Fig. 1. Layout of the OCT system with a single-mode fiber for

providing broadband source. Iso., isolator; Obj., objective;

SMF, single-mode fiber; L1 and L2, lenses; BS, beam splitter;

RM, reflecting mirror.

Fig. 2. Input spectrum (dotted curve) and output spectra of the

fiber with the input power at 300 mW (dashed curve) and 600

mW (solid curve) when the center wavelength was 828 nm.

Fig. 3. Dependence of output spectral width on input power.

The circular symbols describe the FWHM spectral widths of

various input powers.
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reached 600 mW. Note that because the used iso-

lator before the fiber slightly caused pulse broad-

ening (due to the group-velocity dispersion), the

spectral broadening effect in the fiber might not be

as strong as expected. Because of the limited

spectral range (815–865 nm) of the used isolator at
the laser output, our system with fiber output

power higher than 400 mW was not stable enough

for OCT operation. Hence, we chose the condition

of 400 mW fiber output power for our OCT op-

eration. The limited spectral range of the used

isolator also explains the unsmooth output spec-

tral width variation in Fig. 3 when the input power

is larger than 200 mW.
In the OCT system (see Fig. 1), a constant-

speed stage with speed at 1 mm/sec was used in the

reference arm for phase modulation and depth

scan. Fig. 4 shows the interference fringe pattern

before the bandpass filter (part (a)) and its enve-

lope after bandpass filter and demodulator (part

(b)) when the input power to fiber is 400 mW and

the output FWHM spectral width is 46 nm with
the center wavelength shifted to around 840 nm. It

was obtained by using a glass surface for sample

reflection. Because the spectrum is non-Gaussian,

it causes certain side-lobes in the autocorrelation

function. By proper control of the group-velocity

dispersion in the reference arm, the side-lobes can

be suppressed. The FWHM of this envelope is 12

lm, corresponding to 8.6-lm longitudinal resolu-

tion of the OCT system in tissues if the index of

refraction for the tissue was assumed to be 1.4.

Fig. 4(a) also shows two satellite features about
2 mm away from the main feature. They might

originate from the effects of multi-reflection in the

OCT system. They set a limitation of the scanning

depth as 2 mm. Nevertheless, 2 mm is large enough

for biomedical applications. The non-zero back-

ground in Fig. 4(a) may limit the dynamic range of

the interferometry measurement. However, it can

be reduced with a bandpass filter in data process-
ing. A lens with 3 mm in focal length was used for

focusing light beam onto samples. The beam size

at the focal point was estimated to be 5 lm, which

corresponded to the lateral resolution of OCT

scanning. The focal spot size estimation was ob-

tained from the beam diameter incident onto the

focusing lens. The high lateral resolution was

chosen at the expense of a short depth of focus or
depth range of scanning, which was estimated to

be just a few hundreds lm. The available power

for sample illumination could be as high as 100

mW. However, we used only 20 mW for sample

illumination, which is believed to be under the

safety level. A pinhole was used before the photo-

detector for spatially filtering stray light such that

the sensitivity of the system could be improved.
With insertion of calibrated neutral density filters

of 50 dB attenuation in both reference and sample

arms under the condition that >3 dB signal-

to-noise ratio was maintained, the sensitivity was

estimated to be higher than 100 dB.

3. OCT scan results

We used the built OCT system to scan various

tissue samples. With the condition of 46 nm

FWHM spectral width, Fig. 5(a) shows the OCT

scanning result of a piece of human gingival mu-

cosa, which belonged to a patient having oral

cancer. The fresh sample was first scanned with the

OCT system and then preserved in formalin for
histological imaging. Cavity structures (as a few

examples indicated with arrows) in the left portion,

Fig. 4. (a) Interference fringe pattern and (b) its envelope of the

OCT system when the input power to the fiber is 400 mW and

the output spectral width is 46 nm.
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including some of them close to the surface, show a
significant contrast against normal tissues at the

right end of the picture. For comparison, Figs. 5(b)

and (c) show the histological images of a normal

portion and a malignant portion of this sample,

respectively. In Fig. 5(b), the connective tissue can

be clearly distinguished in the normal portion,

while in Fig. 5(c) the epithelial cells became cancer

cells and invaded into the connective tissues, which
disappeared. Nests were formed with cancer cells.

The regions of darker contrast (as a few examples

indicated with arrows) in Fig. 5(a) represent cancer

nests. The cavity structures (regions of darker

contrast) observed in the OCT scan are supposed

to correspond to the cancer nests in the sample.

4. Conclusions

In summary, we have built an OCT system with

its broadband source generated with nonlinear

optics processes, at least including self-phase

modulation and Raman scattering, in a single-

mode fiber. The mechanisms of spectral broaden-

ing can be further investigated with numerical
simulations of laser pulse propagation in optical

fiber under the influences of various nonlinear ef-
fects as well as group-velocity dispersion. With 400

mW power coupled into the fiber, an FWHM

bandwidth of 46 nm was obtained. Such a

broadband source corresponded to an OCT depth

resolution of 8.6 lm in tissues. The bandwidth can

be further increased with a tapered fiber [12] or a

micro-structured fiber [13]. The OCT system was

used for scanning a cancerous human gingival
mucosa sample. Cavity-structure abnormalities,

which corresponded to cancer nests in histological

pictures, were clearly observed. Further study of

oral cancer based on the OCT technique is under

way. For clinical applications, OCT systems with

compact broadband light sources are preferred.

However, before such compact broadband light

sources can be improved and become commer-
cially available, our proposed method should be

useful for further development of OCT.
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Fig. 5. (a) An OCT scan image of a human gingival mucosa sample. In the left portion, cavity structures, as indicated with arrows, can

be clearly seen. (b) A histological image of a normal portion of the sample. (c) A histological image of the cancerous portion of the

sample showing the cancer nests (as indicated with arrows). The same scale is used for the three images.
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